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Recent magnetic tweezers experiments have reported systematic deviations of the twist response of double-
stranded DNA from the predictions of the twistable wormlike chain model. Here we show, by means of
analytical results and computer simulations, that these discrepancies can be resolved if a coupling between
twist and bend is introduced. We obtain an estimate of 40 10 nm for the twist-bend coupling constant. Our
simulations are in good agreement with high-resolution, magnetic-tweezers torque data. Although the
existence of twist-bend coupling was predicted long ago [J. Marko and E. Siggia, Macromolecules 27, 981
(1994)], its effects on the mechanical properties of DNA have been so far largely unexplored. We expect that
this coupling plays an important role in several aspects of DNA statics and dynamics.
DOI: 10.1103/PhysRevLett.118.217801
Introduction.—The mechanical properties of double-
stranded DNA (dsDNA) are critical for both its structure
and function within the cell. The stretching of dsDNA
under applied forces has been measured by single molecule
techniques [1,2] and is accurately reproduced by a simple
polymer model, containing the bending stiffness as the only
parameter [3]. Elastic polymer models were also success-
fully employed to study the torsional properties of dsDNA
[4] and compared to single-molecule experiments, such as
magnetic tweezers (MT) [5] (Fig. 1, right). The currently
accepted elastic model for dsDNA is the twistable worm-
like chain (TWLC) [6]. Although the TWLC correctly
describes the overall response of dsDNA to applied forces
and torques, it fails to quantitatively explain the force
dependence of the effective torsional stiffness [7,8]. Here,
we show that an alternative elastic model proposed by
Marko and Siggia (MS) [9] quantitatively describes the
force dependence of the effective torsional stiffness, by
taking into account a direct coupling between twist and
bend deformations. Furthermore, we demonstrate that the
MS model explains an unresolved discrepancy in the
measured intrinsic torsional stiffness, obtained from
different techniques. Finally, we show that the MS model
provides a better description of the prebuckling torque
response of dsDNA, determined in high-resolution mag-
netic torque tweezers (MTT) experiments, than the TWLC.
TWLC and MS models.—Both the TWLC and MS
models describe dsDNA as a continuous, twistable curve
by associating an orthonormal frame feˆ1; eˆ2; eˆ3g with
each base pair (Fig. 1) [9]. We choose eˆ3 tangent to the
helical axis and eˆ1 and eˆ2 oriented as in Fig. 1. In the
continuum limit these vectors are functions of the arc-
length variable s. For the stretching forces considered here
(f < 10 pN) dsDNA is inextensible, hence 0 ≤ s ≤ L, with
L the contour length. A local dsDNA conformation is given
by a vector ΩðsÞ which describes the infinitesimal rotation
connecting feˆ1ðsÞ; eˆ2ðsÞ; eˆ3ðsÞg to feˆ1ðsþdsÞ; eˆ2ðsþdsÞ;
eˆ3ðsþdsÞg. The direction of ΩðsÞ identifies the rotation
axis, and jΩðsÞjds the infinitesimal rotation angle. In
particular, if ΩðsÞ is parallel to eˆ3ðsÞ, one generates a
local rotation along the tangent vector, i.e. a twist defor-
mation. Conversely, an ΩðsÞ along eˆ1ðsÞ or eˆ2ðsÞ corre-
sponds to a bending deformation. Expressing the local
rotation vector as ΩðsÞ ¼P3i¼1ΩiðsÞeˆiðsÞ, one identifies
the twist mode withΩ3 and the two bending modes withΩ1
and Ω2.
Marko and Siggia [9] showed that the molecular sym-
metry of dsDNA imposes only the invariance of the energy
to the interchange Ω1 → −Ω1. This leads, to lowest order
in Ωi, to the following energy functional:
βEMS¼
1
2
Z
L
0
dsðA1Ω21þA2Ω22þCΩ23þ2GΩ2Ω3þÞ;
ð1Þ
where β≡ 1=kBT, and the dots denote higher-order terms.
The MS model is characterized by two bending stiffnesses
A1 and A2, a torsional stiffnessC, and a twist-bend coupling
constant G, which have dimension of length. Note that
twist-bend coupling Ω2Ω3 is the only quadratic cross term
allowed by the Ω1 → −Ω1 symmetry [9].
The TWLC is a limiting case of the MS model obtained
by setting A1 ¼ A2 ≡ A and G ¼ 0
βETWLC ¼
1
2
Z
L
0
ds½AðΩ21 þ Ω22Þ þ CΩ23 þ   : ð2Þ
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We note that the asymmetric bending stiffness and the
twist-bend coupling, which are intrinsic to the MS model
and neglected in the TWLC, are naturally suggested by the
structure of the DNA helix, with its pronounced minor and
major groove (Fig. 1, left). In the following, we analyze the
consequences of taking these additional terms into account
using analytical calculations and extensive computer sim-
ulations. Although the existence of twist-bend coupling
was predicted long ago, its effects on the mechanical
properties of DNA have been so far largely unexplored.
Two studies [10,11] in which the MS model was invoked
are discussed below.
Renormalized bending and torsional stiffnesses.—In
order to parametrize the MS model, we calculated the
renormalized bending and torsional stiffness, κb and κt,
respectively, from the equilibrium fluctuations of a free
chain (see the Supplemental Material [12] for derivation):
κb ¼ A
1 − ε2A2 −
G2
AC ð1þ εAÞ
1 − G2
2AC
; ð3Þ
κt ¼ C
1 − εA −
G2
AC
1 − εA
; ð4Þ
where A≡ ðA1 þ A2Þ=2 is the mean bending stiffness and
ε≡ ðA1 − A2Þ=2 the bending anisotropy. By setting ε ¼
G ¼ 0 one obtains the TWLC values κb ¼ A and κt ¼ C.
Equations (3) and (4) show that in the MS model κb < A
and κt < C; hence, the presence of a direct twist-bend
coupling softens the chain, rendering the bending and
twisting fluctuations larger than expected from the intrinsic
parameters A and C, respectively. The details of the
parametrization are discussed below. Note, finally, that
κb and 2κt are also the bending and twisting persistence
lengths, that characterize the decay of the respective
correlations along the molecule.
Effective torsional stiffness.—The parameterC in Eqs. (1)
and (2) is the intrinsic torsional stiffness and quantifies
the energetic cost of local pure twist deformations (Ω1 ¼
Ω2 ¼ 0, Ω3 ≠ 0). The effective torsional stiffness Ceff , in
contrast, expresses the cost of a global twist deformation,
and decreases with decreasing force. The force dependence
of Ceff can be understood as follows: In absence of thermal
fluctuations a weakly twisted dsDNA is straight, and the
twist response is governed by the intrinsic torsional stiffness
C. In the presence of thermal fluctuations, however, twist can
be absorbed by bending [37,38], leading to an effective
torsional stiffness Ceff < C. High stretching forces suppress
bending fluctuations, therefore yielding z ≈ L and Ceff ≈ C,
while at low forces fluctuations are large, hence z < L and
Ceff < C. Moroz and Nelson calculated the force depend-
ence of Ceff for the TWLC in the high-force limit [37]
Ceff ¼ C
 
1 −
C
4A
ﬃﬃﬃﬃﬃﬃﬃﬃ
kBT
Af
s
þ   
!
; ð5Þ
where the dots indicate higher-order corrections in 1=
ﬃﬃﬃ
f
p
.
Ceff has been experimentally measured with two inde-
pendent single-molecule approaches. In magnetic torque
tweezers Ceff is obtained from the torque response τ upon
over- and underwinding dsDNA by a small angle θ (Fig. 1,
right) [7,39–41]
τ ≈
kBTCeff
L
θ: ð6Þ
Freely orbiting magnetic tweezers (FOMT) [8] and the
rotor bead assay [41,42], in contrast, measure fluctuations
of θ of a freely rotating dsDNA tether, and Ceff is obtained
from
Ceff ¼
L
σ2θ
; ð7Þ
where σ2θ is the variance of θ. MTT and FOMT yield
consistent values of Ceff , which, however, deviate from the
TWLC prediction of Eq. (5) [7,8] (Fig. 2).
To investigate the force dependence of Ceff , we per-
formed computer simulations of the TWLC and the MS
models using a coarse-grained model, similar to Ref. [43],
where the dsDNA is represented by a series of connected
beads, each carrying an orthonormal frame of reference.
Successive beads interact via potential energies obtained
from the discretization of Eqs. (1) or (2) in the MS or
TWLC models, respectively [12]. The effect of an implicit
solvent was introduced via Langevin forces [44].
The TWLC simulations with A¼43 nm and C¼110 nm
(Fig. 2, open circles) are in excellent agreement with the
high-force expansion of Eq. (5), (Fig. 2, solid line). This is
FIG. 1. Schematic representation of a typical MT experiment.
Magnetic fields are used to apply forces and torques (inducing a
rotation angle θ) to a paramagnetic bead. A dsDNA molecule is
attached at one side to the bead and at the other to a flow-cell
surface, separated by a distance z measuring the extension of the
molecule. Continuum elastic models describe the double-helix
conformation using an orthonormal frame feˆ1; eˆ2; eˆ3g at each
point along the molecule, labeled by a coordinate s. eˆ3 is tangent
to the helical axis, while eˆ1 points from the center of the helix
towards the middle of the minor groove, and eˆ2 ¼ eˆ3 × eˆ1.
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a good test of our simulations and shows that higher-order
corrections to (5) do not contribute significantly to Ceff . The
value of A ¼ 43 nm comes from the measured persistence
length in Ref. [8] while the value C ¼ 110 nm of the
intrinsic torsional stiffness has been obtained from extrapo-
lation of Ceff to high forces (see inset of Fig. 2 and [12]).
We then turned to the MS model, which was para-
metrized as follows: Similarly to the TWLC, the intrinsic
torsional stiffness was set to C ¼ 110 nm. Following
Ref. [45], we chose ε ¼ 10 nm for the bending anisotropy
(tests for different values of ε are shown in the
Supplemental Material [12]). A and G were chosen so that
Eq. (3) gives κb ¼ 43 nm, the measured persistence length
of dsDNA. Therefore only one of the two could be freely
adjusted. The best fit to the data was found for G ¼ 40 nm
and A ¼ 56 nm, and is in quantitative agreement with the
experiments. Control simulations for other values of ε and
κb gave similar estimates of the twist-bend stiffness [12].
We finally obtained G ¼ 40 10 nm, where the error
indicates the range of values for which simulations fit
the MT data within their experimental errors.
This value is somewhat higher than the estimate
G ¼ 25 nm [11], obtained from the analysis of structural
correlations of dsDNA wrapped around a histone core.
Elastic couplings in dsDNA were also investigated in all-
atom simulations [10,46]. These and more recent studies
[47] show that the twist-bend coupling is the most
significant among the off-diagonal elastic terms (i.e.
Ω1Ω2, Ω1Ω3, and Ω2Ω3), in agreement with the symmetry
analysis by Marko and Siggia [9].
Intrinsic torsional stiffness.—The experimental determi-
nation of the intrinsic torsional stiffness C has proven to be
a challenging task, with different experimental techniques
yielding values within the range 40–120 nm [7,38,40,
48–53]. The techniques used for this purpose can be
divided into two main categories. The first group contains
single-molecule techniques as MT, in which a stretching
force is applied to DNA. One can obtain C from high-force
extrapolation of Ceff , which typically yields values in the
range of 100–110 nm [7,51–53]. In the second group of
techniques no force is applied to the DNA molecule, as in
fluorescence polarization anisotropy [48,49], the analysis
of cyclization rates [54], or topoisomer distributions [55].
Typical values from these studies lie in the range of
60–80 nm [12].
According to the TWLC all the above techniques should
probe the intrinsic torsional stiffnessC. In the framework of
the MS model, however, this is not the case; the torsional
response at high tension is still governed by C, since in this
limit bending fluctuations are suppressed, i.e. Ω1, Ω2 → 0.
In absence of applied forces, however, bending fluctuations
influence the measured torsional stiffness via the twist-
bend coupling G, leading to twist stiffness κt < C accord-
ing to Eq. (4). With the parametrization used for the fit of
Fig. 2 (A¼56 nm, ε¼10 nm, C¼110 nm, andG¼40 nm),
Eq. (4) gives κt ¼ 75 nm, which is consistent with the
values obtained from the second family of techniques
(details in Supplemental Material [12]). We conclude that
the wide spread in the experimental C values, which
appears to be a discrepancy in the TWLC model, is
naturally explained within the framework of the MS model.
Extension and torque.—To further investigate the effect
of twist-bend coupling, we performed high-resolution
MTT extension and torque measurements and compared
to simulations of the TWLC and MS models. We introduce
the supercoiling density σ ≡ θ=ðω0LÞ, where ω0 ≈
1.85 nm−1 is the intrinsic twist density of dsDNA.
Although the discussion so far has been limited to the
regime of small jσj, we now extend our analysis to high
values of jσj, for which dsDNA undergoes a buckling
transition to interwound structures called plectonemes.
We will first discuss the prebuckling (low jσj) and then
the postbuckling (high jσj) regime.
Figures 3(a) and 3(b) show the σ dependence of the
relative extension z=L and torque τ, respectively, for
f ¼ 0.4 pN (similar plots for f ¼ 0.2 and 0.9 pN are in
the Supplemental Material [12]). The shaded area in Fig. 3
indicates the prebuckling regime, in which the simulated
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FIG. 2. Force dependence of the effective torsional stiffness
from MTT (present work) and FOMT [8] measurements, from
simulations of the TWLC and the MS models (where error bars
are smaller than the symbols) and from the analytical TWLC
approximation [Eq. (5)]. Parameters are A ¼ 43 nm and C ¼
110 nm for the TWLC and A ¼ 56 nm, C ¼ 110 nm,
ε ¼ 10 nm, and G ¼ 40 nm for the MS model. The inset shows
Ceff as a function of the rescaled variable
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kBT=A0f
p
(with
A0 ¼ 50 nm); in these units Eq. (5) becomes a straight line. The
experimental data are not well described by the TWLC, but agree
quantitatively with the MS model (reduced χ2TWLC ¼ 6.1 and
χ2MS ¼ 0.74, respectively). The blue line is an interpolation of the
MS simulations points.
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values of z=L for the two models differ by less than 1%
[Fig. 3(c)]. In addition, both models are consistent with the
MTT measurements of the dsDNA extension (reduced
χ2TWLC ¼ 1.6 and χ2MS ¼ 0.77, averaged over all forces).
In contrast, there is a noticeable difference between the
models in the behavior of the torque at small jσj [Fig. 3(d)],
with the MS model providing a significantly better pre-
diction of the experimental data than the TWLC (reduced
χ2TWLC ¼ 5.9 and χ2MS ¼ 1.3, again averaged over all
forces). The quantitative agreement of the MS model with
experimental extension and torque data in the prebuckling
regime further highlights the importance of including the
twist-bend coupling term in elastic models of dsDNA, and
provides an independent test of our estimate of G.
We now focus on the postbuckling regime, where
simulations of the TWLC show that plectonemes form at
sufficiently high jσj [Fig. 3(e)] and that the relative extension
data fit well the experiments [Fig. 3(a)], in agreement with
previous work [56–58]. However the TWLC fails to account
for the torque data, both in the prebuckling, as already
discussed, and even more clearly in the postbuckling regime
[Fig. 3(b)]. Our work highlights the need for direct torque
measurements to quantitatively test elastic models of DNA.
Earlier comparisons between analytical predictions and
experiments were limited to extension data [38,53], since
only in the past few years direct torque measurements have
become available [7,40–42,52].
The postbuckling behavior of the MS is somehow
complementary to that of the TWLC. The torque is in
quantitative agreement with the experiments, but there are
deviations in the extension. Figure 3(e) shows simulation
snapshots of equilibrium conformations for the TWLC and
MS models at σ ¼ 0.023. Whereas the TWLC forms a
plectoneme, the MS model favors highly twisted helical
configurations, known as solenoidal supercoils [9]. This
different behavior can be explained as follows: Upon
twisting, there is an energetic penalty in the TWLC, due
to CΩ23 in Eq. (2). Beyond a threshold value of jσj, part of
the twist is transformed into a localized bending deforma-
tion, giving rise to plectonemic supercoils [Fig. 3(e)]. On
the other hand, in the MS model (1), the torsional energy
can be reduced by a uniform bending such that the quantity
hΩ2Ω3i becomes negative. This gives rise to the character-
istic helical structures [solenoidal supercoils, Fig. 3(e)].
The absence of plectonemes in the range of σ considered is
a shortcoming of the MS model, as defined by the energy
functional (1), and is the reason why z=L decreases with jσj
less steeply than in the experiments.
Thus, we conclude that at high σ both models deviate
from experiments, although in different ways. It should be
stressed that both models are obtained as quadratic expan-
sions in the deformation parameters Ωi. It is likely that,
close to buckling, higher-order anharmonic terms inΩi will
become relevant. This is particularly true for the MS model,
where the molecular asymmetry of dsDNA allows six
additional third-order terms: Ω21Ω2, Ω21Ω3, Ω22Ω3, Ω2Ω23,
Ω32, and Ω33 [9].
Discussion.—We investigated the mechanical properties
of an elastic DNA model with an explicit twist-bend
coupling [9]. Our analysis focused on the regime where
the supercoiling density is small; i.e., twist and bending
deformations are weak. We showed that the model resolves
two issues that the standard TWLC fails to explain (i) the
force dependence of the effective torsional stiffness, also
discussed in the recent literature [7,8,57,59] and (ii) dis-
crepancies in the reported estimates of the intrinsic tor-
sional stiffness [48,49,53]. Moreover, it provides a superior
fit to high-resolution torque data, compared to the TWLC.
An alternative model, that invokes a cooperative struc-
tural transition in the DNA helix, was recently proposed by
Schurr [59]. While this model also explains the deviations
between the Ceff data and the TWLC predictions, we note
that our current model naturally follows from the molecular
symmetry of the DNA helix [9] and independently explains
several different features of the torsional response of DNA.
Although we showed that the MS model is a more
accurate mechanical model of dsDNA than the standard
TWLC in the prebuckling regime, there is still an open
FIG. 3. (a) Relative extension z=L and (b) torque τ vs
supercoiling density σ at f ¼ 0.4 pN from MTT experiments
(solid squares) and simulations of the TWLC (open circles,
A ¼ 43 nm, C ¼ 110 nm) and MS (solid triangles, A ¼ 56 nm,
C ¼ 110 nm, G ¼ 40 nm, and ε ¼ 10 nm) models. (c),
(d) Closeups of z=L and τ in the prebuckling regime, shaded
area in (a) and (b). (e) Snapshots of simulations of the TWLC
and MS models, respectively, at σ ¼ 0.023. The arrows point to
a plectonemic supercoil in the TWLC and to a solenoidal
supercoil in the MS model.
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issue at high jσj, where neither of the two models fully
agrees with the experiments. The MS model, as defined by
the energy functional of Eq. (1), incorrectly predicts a strong
relative preference for solenoidal supercoils over plecto-
nemes. We believe this could possibly be resolved by
introducing higher-order terms. In future work, it would
be interesting to extend the MS model to account for all
experimental observables even in the high jσj regime. Twist-
bend coupling could influence, for instance, the long-range
transfer of supercoiling density [60] and the interactions with
proteins which bend and twist DNA [61,62].
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